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Abstract
In the supersymmetric standard model (SSM) the W -boson could have a non-
vanishing electric dipole moment (EDM) through a one-loop diagram mediated
by the charginos and neutralinos. Then the W -boson EDM induces the EDMs of
the neutron and the electron. We discuss these EDMs, taking into consideration
the constraints from the neutron and electron EDMs at one-loop level induced
by the charginos and squarks or sleptons. It is shown that the neutron and the
electron could respectively have EDMs of order of 10−26ecm and 10−27ecm, solely
owing to the W -boson EDM. Since these EDMs do not depend on the values of
SSM parameters for the squark or slepton sector, they provide less ambiguous
predictions for CP violation in the SSM.
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1 Introduction
Several extensions of the Standard Model (SM) contain new sources of CP viola-
tion as well as the standard Kobayashi-Maskawa (KM) mechanism. Although the
observed CP-violating phenomena in the K0- K0 system can be well described by
the SM, the baryon asymmetry of the universe seems to imply the existence of a
new source of CP violation. Any new discovery of CP-violating phenomenon will
therefore greatly help us to investigate CP violation, which could give an impor-
tant clue to new physics beyond the SM. One of such observables is the electric
dipole moment (EDM) of an elementary particle [1].
In this paper we study the EDMs of the neutron and the electron caused by
the EDM of the W -boson within the framework of the supersymmetric standard
model (SSM). If the W -boson has a non-vanishing EDM, it can generally induce
the neutron and electron EDMs through one-loop diagrams generated by the SM
interactions [2]. These processes could actually occur in the SSM [3], since the
W -boson EDM receives a contribution from a one-loop diagram mediated by the
charginos and neutralinos shown in Fig. 1, owing to a new CP-violating phase
in the gauge-Higgs sector [4]. On the other hand, the same CP-violating phase
leads to the EDMs of the neutron and the electron at one-loop level [4, 5, 6],
which are potentially large and thus put severe constraints on the SSM. Taking
into account these constraints, we make detailed analyses of the W -boson EDM
and the resultant EDMs of the neutron and the electron. Although these neutron
and electron EDMs arise from two-loop diagrams, we show, their magnitudes are
not much smaller than their present experimental upper bounds. Since the KM
mechanism in the SM does not predict such a large magnitude neither for the
neutron EDM nor the electron EDM, possible detection of these EDMs in near-
future experiments could make the SSM a more credible candidate for the new
physics.
As stated above, the EDMs of the neutron and the electron receive contribu-
tions at one-loop level in the SSM. One might think that these mechanisms would
dominate the EDMs, making those two-loop contributions which are related to the
W -boson EDM negligible. However, it is shown that there are sizable regions of
SSM parameter space where the two-loop contributions become comparable with
the one-loop contributions. Furthermore, the one-loop contributions depend on
the SSM parameters both for the gauge-Higgs sector and for the squark or slepton







Figure 1: The Feynman diagram for the EDM of the W -boson.
predict the values of the neutron and electron EDMs induced by the W -boson
EDM with less uncertainty in the SSM.
This paper is organized as follows: In Sec. 2 we will summarize the origin of
CP violation in the SSM and present the interactions relevant to our discussions.
In Sec. 3 we will discuss an anomalous CP-odd coupling for the W -bosons and
photon generated by the interactions of the charginos, neutralinos, and W -bosons,
which leads to the EDM of the W -boson. In Sec. 4 the EDMs of the neutron
and the electron will be considered. The two-loop contributions caused by the
W -boson EDM will be calculated and analyzed paying attention to the one-loop
contributions mediated by the charginos and squarks or sleptons. Conclusion will
be given in Sec. 5.
2 Model
The SSM is an extension of the SM based on N = 1 supergravity coupled to
grand unied theories (GUTs) [7]. This model contains several parameters whose
values are generally complex. Assuming minimal particle contents, these complex
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parameters are the followings: Yukawa coupling constants f ; the vacuum expec-
tation values v1 and v2 of the Higgs bosons with U(1) hypercharges −1=2 and 1=2,
respectively; the SU(3), SU(2), and U(1) gaugino masses ~m3, ~m2, and ~m1, respec-
tively, which appear in supersymmetry soft-breaking terms; the mass parameter
mH in a bilinear term of Higgs superelds in superpotential; and the dimension-
less constant a, which originates in trilinear couplings of the squarks or sleptons
in supersymmetry soft-breaking terms. We may assume that the complex phases
of ~m3, ~m2, and ~m1 are not dierent from each other because of the coincidence of
these values at the GUT scale. However, unless some extra symmetry is imposed
on the SSM, the other complex phases are independent each other. Then, the
redenitions of relevant elds cannot rotate away all the complex phases. Even if
generation-mixings among matter elds are neglected, two of the complex param-
eters cannot be taken real. These are the new sources of CP violation intrinsic in
the SSM.
The EDM of the W -boson is induced through a one-loop diagram, which is
generated by the interactions of the charginos, neutralinos, and W -bosons. The
charginos !i and the neutralinos j are charged and neutral mass eigenstates for
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These mass matrices are diagonalized by unitary matrices CR, CL, and N as
CyRM
−CL = diag( ~m!1; ~m!2) ( ~m!1 < ~m!2) (3)
and
N tM0N = diag( ~m1; ~m2; ~m3; ~m4) ( ~m1 < ~m2 < ~m3 < ~m4); (4)
giving the mass eigenstates.
The complex mass matrices for the charginos and the neutralinos lead to CP-
violating interactions of the charginos, neutralinos, and W -bosons. The interaction



























Since the coupling constants GLji and GRji have dierent complex phases, this
Lagrangian is not invariant under CP transformation. The SSM parameters which
determine the interactions in eq. (5) are v1, v2, ~m2, ~m1, and mH appearing in
eqs. (1) and (2). We assume the GUT relation ~m1 = (5=3) tan2 W ~m2. The
redenitions of the elds make it possible without loss of generality to take all
these parameters except mH real and positive. Then, the CP-violating phase is
represented by the phase of mH, which we express as
mH = jmHj exp(i): (6)
Since v1 and v2 are related to the W -boson mass MW , independent parameters
become tan , ~m2, jmHj, and , where the ratio of the vacuum expectation values
is denoted by tan  ( v2=v1).
In the SSM the EDM of the neutron receives contributions from one-loop dia-
grams in which the charginos, neutralinos, or gluinos are exchanged together with
the squarks. The electron EDM is also induced by one-loop diagrams, where the
charginos or neutralinos are exchanged with the sleptons. Among these diagrams,
the chargino-mediated ones generally make dominant contributions [5]. The inter-
action Lagrangian for the charginos, u-type quarks, and d-type squarks and that
for the charginos, d-type quarks, and u-type squarks are respectively given by



















































Here Sf and f (f = u; d) represent respectively the unitary matrix which diago-
nalizes the mass-squared matrix for the f -type squarks and the Yukawa coupling
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constant for the f -type quark. The generation-mixings have been neglected. The
matrices Su and Sd depend on various SSM parameters, though they can be ap-
proximated by the unit matrix for the u- and d-squarks because of the smallness of
the corresponding quark masses. Then, the SSM parameters which determine the
interactions in eqs. (7) and (8) are the squark masses and those which determine
the interactions in eq. (5). The interaction Lagrangians for the charginos, leptons,
and sleptons are obtained by appropriately changing eqs. (7) and (8), for which
additional parameters are principally the slepton masses.
The EDMs of the neutron and the electron induced at one-loop level could
be as large as their present experimental upper bounds jdnj < 10−25ecm [8] and
jdej < 10−26ecm [9], respectively. Accordingly, the values of the SSM parameters are
constrained. In order to satisfy the experimental bounds, either the CP-violating
phases are small or the squarks and sleptons are heavy. Since there is no known
mechanism which naturally suppresses the complex phases of the SSM parameters,
we take that the CP-violating phases are of order unity. Under this assumption
the masses of the squarks and sleptons are found to be larger than 1 TeV, whereas
those of the charginos and neutralinos can be of order of 100 GeV [5]. It is also
shown that tan is unlikely to have a value much larger than 10.
3 EDM of W -boson
The interactions in eq. (5) give rise to a CP-violating anomalous coupling of the
W -bosons and photon through the one-loop diagram shown in Fig. 1, where the
charginos and neutralinos are exchanged. The CP-violating term in the eective
Lagrangian is given by
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where q2 denotes the momentum-squared of the photon. The W -boson has been
put on mass-shell. For the W -bosons and a vector boson, in general, there can be
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Figure 2: The CP-odd form factor of the WWγ interactions for  = =4. The
values of ~m2 and tan  for curves (i.a){(ii.b) are given in Table 1.
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(i.a) (i.b) (ii.a) (ii.b)
~m2 (GeV) 200 200 300 300
tan  2 10 2 10
Table 1: The values of ~m2 and tan for curves (i.a){(ii.b) in Figs. 2, 4, 6, and 7.
eq. (5) only contribute to the coupling of eq. (9). The EDM of the W -boson is





In Fig. 2 we show the value of F (q2) as a function of the absolute value of
the mass parameter mH dened in eq. (6). For the CP-violating phase we take
 = =4. The four curves correspond to four sets of parameter values for ~m2 and
tan  given in Table 1. The value of q2 is set for q2 = (200 GeV)2, although F (q2)
does not vary much with q2. In the ranges of jmH j where curves are not drawn,
the lighter chargino has a mass smaller than (1=2)
p
q2, making pair production of
the charginos possible through the virtual photon. We can see that the magnitude
of F (q2) is around 10−4 for ~m2; jmHj  200 GeV and tan = 2. Larger values for
tan  suppress F (q2). Since the SM does not contribute to F (q2) at one-loop level,
its prediction for F (q2) is much smaller than 10−4. Therefore, the measurement
of F (q2) will provide an interesting test for the SSM. It should be noted that the
interactions in eq. (5) also induce CP-violating couplings for the W -bosons and
Z-boson at one-loop level, which are of the same order of magnitude as F (q2) [11].
The CP-violating WWγ and WWZ couplings could in principle be measured
in e+e− colliding experiments [12]. Indeed, the experiments at LEPII or planned
linear colliders will explore some anomalous couplings for the W -boson. For in-
stance, measurements of angular correlations among the nal fermions produced
from a pair of W -bosons may be able to disclose CP violation coming from the
triple gauge boson vertices. The possibility of examining the CP-violating cou-
plings in e+e− experiments will be discussed in another paper [11].
4 EDMs of neutron and electron
The EDM of the W -boson yields the EDMs of the quarks and the leptons through









Figure 3: The Feynman diagram for the EDM of a quark or a lepton which involves
a CP-violating coupling for the W -bosons and photon.
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can be induced at two-loop level. The relevant diagram is shown in Fig. 3, where f
and f 0 denote the quarks or leptons whose left-handed components form an SU(2)
doublet. Since the experiments can explore fairly small values for the neutron and
the electron EDMs, the W -boson EDM may be observed through these EDMs.
The EDM of a quark or a lepton f arising from the two-loop diagram in Fig.








































































Here mf and m0f represent the masses of f and f 0, respectively. The negative
and positive signs in front of the right side of the equation are respectively for the
fermions with the third components of their weak isospins 1=2 and −1=2. At two-
loop level there also exist other diagrams which involve squarks or sleptons and
make contributions to the quark or lepton EDM. However, as long as the squarks
and sleptons are much heavier than the charginos and neutralinos, these diagrams
can be safely neglected. Assuming the nonrelativistic quark model, the EDM of
the neutron dn is given, in terms of the u-quark EDM du and the d-quark EDM
dd, by dn = (4dd − du)=3.
We show in Fig. 4 the numerical value of the neutron EDM as a function of
the absolute value of mH. For ~m2 and tan  we have taken four sets of values
given in Table 1, corresponding to the four curves in Fig. 2. In the ranges of jmHj
where curves are not drawn, the lighter chargino has a mass smaller than 45 GeV
which has been ruled out by LEP experiments. In Fig. 5 the neutron EDM is
plotted as a function of tan  for four sets of values of ~m2 and jmHj given in Table
2. Curves are not drawn for tan  < 1, because the value of tan is theoretically
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Figure 4: The EDM of the neutron induced by the W -boson EDM for  = =4.
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Figure 5: The EDM of the neutron induced by the W -boson EDM for  = =4.
The values of ~m2 and jmHj for curves (i){(iv) are given in Table 2.
broken through radiative corrections. The CP-violating phase is xed as  = =4
in both Figs. 4 and 5. For ~m2; jmHj  200 GeV and tan   2, where the CP-odd
form factor for the W -boson is of order of 10−4, the magnitude of the neutron EDM
is around 10−26ecm, which is smaller than the present experimental upper bounds
by only one order of magnitude. The EDM of the neutron decreases as ~m2 or
jmHj increases. We can also see its clear dependence on tan . As tan  increases,
the EDM decreases. This is contrary to the tan-dependence of the neutron and
electron EDMs induced by one-loop diagrams [5] or the radiative b-quark decay
[13] in the SSM. Since the squarks should have masses larger than 1 TeV in our
scheme, the magnitude of the neutron EDM arising from two-loop diagrams with
the squarks becomes much smaller than 10−26ecm.
In Fig. 6 we show the value of the electron EDM as a function of jmHj for the
values of ~m2 and tan given in Table 1. For ~m2; jmHj  200 GeV and tan   2,
the electron EDM is smaller than its experimental upper bounds by one order of
magnitude. The EDM of the electron is only dierent from that of the d-quark by
the ratio of their masses.
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(i) (ii) (iii) (iv)
~m2 (GeV) 200 200 1000 1000
jmHj (GeV) 200 1000 200 1000
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Figure 6: The EDM of the electron induced by the W -boson EDM for  = =4.
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Figure 7: The EDM of the neutron from the one-loop diagrams mediated by the
charginos and squarks for the squark masses of 10 TeV and  = =4. The values
of ~m2 and tan  for curves (i.a){(ii.b) are given in Table 1.
If the neutron and electron EDMs respectively have values of order of 10−26ecm
and 10−27ecm, they will possibly be detected in the near future. In the SM, the
EDM of the neutron vanishes at both one-loop and two-loop levels, resulting in
jdnj < 10−30ecm, and the EDM of the electron is much smaller [1]. Therefore, the
detection of these EDMs in the foreseeable future may be considered to suggest
a sizable value for the W -boson EDM and provide an indirect evidence for the
existence of supersymmetry in nature.
We now make a comparison between the above results for the neutron and
electron EDMs and those at one-loop level in the SSM. The EDMs of the neutron
and the electron receive contributions from the one-loop diagrams mediated by the
charginos, which generally dominate over other one-loop diagrams mediated by the
gluinos or neutralinos [5]. These one-loop contributions are a priori expected to be
larger than the contributions from the two-loop diagrams. However, the two-loop
contributions related to the W -boson EDM are determined only by the gauge-
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Figure 8: The neutron EDM from the two-loop contributions and that from the
one-loop contributions, which are represented respectively by curves (i) and (ii).
The parameter values are ~m2 = jmHj = 200 GeV and tan  = 2. For curve (i) the
squark masses are set for 10 TeV.
gauge-Higgs sector but also by the squark or slepton sector, especially by their
masses. Consequently, as the squark or slepton masses increase, the two-loop
contributions become dominant. In Fig. 7 we show the neutron EDM induced
by the chargino-mediated one-loop diagrams for the squark masses of 10 TeV and
 = =4. Four curves correspond to the parameter values for ~m2 and tan  in Table
1. The EDM is found to have a value comparable with that from the two-loop
contributions shown in Fig. 4 for ~m2, jmHj  200 GeV and tan = 2. In fact, for
the squark and slepton masses of around 1 TeV, the one-loop contributions to the
neutron and electron EDMs are larger than the two-loop contributions, whereas
for those masses of around 10 TeV or larger, the latter can become larger than the
former.
In Fig. 8 we show the values of the neutron EDM at one-loop and two-loop
levels as functions of the CP-violating phase  for ~m2 = 200 GeV, jmHj = 200 GeV,
and tan  = 2. Curves (i) and (ii) respectively represent the EDM from the two-
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loop contributions and that from the one-loop contributions. The squark masses
for the one-loop contributions have been taken for 10 TeV. It is seen that the one-
loop and the two-loop contributions have the same sign, which also holds for other
reasonable values of the parameters and for the EDM of the electron. Hence, for
given values of the parameters for the gauge-Higgs sector, the magnitudes of the
neutron and electron EDMs are expected to be larger than those obtained from
the two-loop diagrams of Fig. 3.
5 Conclusion
We have studied CP violation which originates from the gauge-Higgs sector in the
SSM. The EDM of the W -boson is induced at one-loop level through the diagram
in which the charginos and neutralinos are exchanged. It was shown that the
CP-odd form factor in the eective Lagrangian for the WWγ interactions could
be of order of 10−4, which is far larger than the SM prediction. Therefore, the
examination of the W -boson EDM would be an interesting process to search for
supersymmetry.
The possibility of detecting the W -boson EDM has been discussed through the
EDMs of the neutron and the electron. These EDMs receive contributions from
the two-loop diagrams which contain the one-loop diagram for the W -boson EDM.
As a result, the large value of the W -boson EDM implicates large values for the
neutron and electron EDMs. We have shown that the magnitudes of the neutron
and electron EDMs could be as large as 10−26ecm and 10−27ecm, respectively.
These numerical outcomes are not so small compared to the experimental upper
bounds at present, and thus may be accessible in the near future.
In the SSM there also exist several other contributions to the EDMs of the
neutron and the electron. At two-loop level, as long as the squarks and sleptons are
much heavier than the charginos and neutralinos, the diagrams with the squarks
or sleptons are neglected compared to the diagrams related to the W -boson EDM.
This may be indeed the case, provided that the CP-violating phase intrinsic in the
SSM is of order unity, and thus the squarks and sleptons are heavier than 1 TeV.
On the other hand, the one-loop diagrams with the charginos and the squarks or
sleptons make contributions to the EDM of the neutron or electron, which can
be larger than the two-loop contributions. However, if the squarks and sleptons
are around 10 TeV, the one-loop and the two-loop contributions could become
comparable. Furthermore, these one-loop and two-loop contributions turned out
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to have the same sign. Therefore, the neutron and electron EDMs arising from
the two-loop diagrams give theoretical lower bounds for given parameter values of
the gauge-Higgs sector.
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